The uptake of Cd(II) by waste calcite, a by-product of the carbonation of flue gas desulfurization (FGD) gypsum, was investigated in a batch experiment. The uptake of Cd(II) by and the dissolution of Ca(II) from the waste calcite particles were monitored simultaneously as a function of exposure time to 0.89 mM Cd(II) solution. The reagent-grade calcite particles were also examined for a comparative study. The waste calcite contained bassanite, dolomite, and muscovite as the major impurity phases. X-ray diffraction study revealed that the bassanite phase dissolved almost completely during the 1st hour of the exposure to the solution while other phases were intact for two days. The amount of removed Cd(II) was found to be proportionally related to dissolved Ca(II) reflecting the exchange nature of the adsorption. The use of waste calcite instead of reagent-grade calcite enhanced Ca(II) dissolution and thereby Cd(II) uptake significantly. The waste calcite removed about 90% of initial Cd(II) while reagent calcite removed only 6% during the exposure for 2 days to 0.89 mM Cd(II) solution. The enhanced Ca(II) dissolution and Cd(II) uptake by the waste calcite were attributed to the fast-dissolving bassanite phase which provides the substantial quantity of Ca(II) and sulfate ions to the calcite/solution interface.
Introduction
Calcite is an environmentally ubiquitous adsorbent for divalent metals, and sorption studies have been performed for natural as well as treatment systems. [1] [2] [3] [4] [5] Among the divalent metals, cadmium (Cd) has attracted the most scientific and practical interest because it is known to have a similar ionic radius to that of Ca (about 98% of that of Ca) and a high sorption affinity to calcite. 4, 5) Generally accepted mechanisms involved in calcium dissolution and cadmium adsorption on calcite are explained in terms of the following equations. 1, 5, 6) The dissolution of calcium from calcium carbonate with atmospheric CO 2 gas is established as follows:
Meanwhile, cadmium adsorption on calcite is interpreted as an adsorption at the surface via ion exchange of Cd ions in solution with Ca in solid calcite crystal as follows:
Previous studies on the uptake of cadmium by calcite could be largely divided into two categories from its point of view: understanding of Cd(II) chemistry in a geochemical cycle or application of Cd(II) removal to waste water treatment. In the geochemical sector, specifically refined experimental conditions were employed. For example, solutions pre-equilibrated with calcite and of low Cd(II) concentration were used to minimize the calcium dissolution and to prevent the formation of otavite (CdCO 3 ) during sorption processes. 1, 6) Calcite single crystal cleavage surface was often utilized in microscopic studies 5, 7) to better define the surface chemistry and structure of the sorption products. In addition, the effects of reaction parameters (i.g., temperature, ionic strength, pH, particle size, dissolved species, etc.) on Cd(II) uptake by calcite have extensively studied. 4, [8] [9] [10] [11] On the other hand, at conditions of conventional water treatment, the uptake of Cd(II) always occurs with the concurrent dissolution of calcite. However, in this case, an emphasis was usually put on the extent of Cd(II) removed. 2, 3, 8) Gypsum has been produced as a byproduct in flue gas desulfurization (FGD) systems which are applied to control SO x gas at coal-fired power plants. It is known as FGD gypsum and landfilled as waste though its potential use for the synthesis of ammonium sulfate (a fertilizer) has been documented. 12, 13) 
Calcium carbonate particles can be separated by filtering since the ammonium sulfate exists in dissolved form in aqueous solution as in eq. (1). This waste calcite is known to carry impurities which are retained in FGD gypsum. 13) It contains impurities as minor carbonate minerals or trace metals which may affect the uptake of Cd(II) to a certain degree. We previously reported the uptake of Cd(II) on the waste calcite giving an attention to a maximum amount and overall kinetic aspect of the uptake.
14) However, we failed to give a specific attention to the effect of minor impurity phases contained in the waste calcite.
The objective of this study was to evaluate the role of major impurity phases contained in the waste calcite on Cd(II) uptake. The extent of removed Cd(II) from and released Ca(II) to the solution was monitored simultaneously. A reagent grade CaCO 3 was also examined for comparison. A relatively high initial concentration (100 mg/L, 0.89 mM) was selected for Cd(II) solution since it is the common value in engineering sorption studies. 15, 16) 2. Experimental Procedure
Materials
Cd(II) stock solution (1,000 mg/L) was prepared by dissolving CdCl 2 (Sigma-Aldrich, ACS grade). Ionic strength of all solutions was maintained using NaCl (Sigma-Aldrich, ACS grade) and deionized water purified with a Milli-Q 18 M-cm system was used. The cadmium sorption for comparison was conducted with reagent-grade CaCO 3 (Junsei Co.). The adsorbent was prepared from the reaction of FGD gypsum (Yeongheung Thermal Power Plants, Incheon, Korea) with CO 2 gas. The specific surface areas of adsorbents were determined by the BET method of N 2 gas adsorption (ASAP 2010, Micromeritics). The polymorph of the obtained adsorbent and impurity phases were determined using X-ray diffraction (XRD; X'pert MPD, Philips). Scanning electron images of adsorbents were obtained using a field emission scanning electron microscope (FE-SEM; S4700, HITACHI).
Macroscopic experiments
Batch experiments were performed in duplicate using 100 mg/L of Cd(II) (500 mL) solution and 10 g/L of the adsorbent for 48 h at a temperature of 25 AE 1 C. Constant ionic strength was maintained using 10 mM NaCl. pH was not controlled but the pH variation during the experiment was insignificant. It was maintained at 7:2 AE 0:3 between initial and equilibrium time for waste calcite. Especially, for a reagent calcite, pH was rarely varied and stayed at 7:0 AE 0:1. For the comparison purpose, a reagent-grade CaCO 3 was also tested under identical conditions. The Cd(II) solution was analyzed using ICP-OES (Optima 5300dV, Perkin-Elmer) after filtering through a 0.2 mm membrane filter (cellulose acetate, Sartorius) and acidifying with instrumental grade HNO 3 . Other metal cations except Cd were not detected in a filtrate during sorption reactions. The analytical detection limit for Ca and Cd was 0.02 mg/L and uncertainty was less than 10% with replicates. Figure 1 shows the X-ray diffraction patterns of the reagent-grade calcite and waste calcite. The reagent-grade calcite peaks match the standard pattern (JCPDS 47-1743) and do not show any detectable amount of impurity phases. The existence of these minerals could be confirmed by the standard XRD patterns (JCPDS). Since their peaks are very small they should match the largest peak of the standard patterns to be positively identified. The waste calcite consisted of CaCO 3 with second phases as bassanite (JCPDS 45-848), dolomite (JCPDS 36-426), and muscovite (JCPDS 7-25) as marked on the XRD pattern of Fig. 1(b) . Here, (a) is the pattern of reagent-grade calcite, (b) is the pattern of waste calcite. On the Fig. 1 , B represents bassanite (CaSO 4 Á 0.5H 2 O), D represents dolomite (CaMg(CO 3 ) 2 ), M represents muscovite (KAl 2 Si 3 AlO 10 (OH) 2 ) and C represents calcite (CaCO 3 ) phases.
Results and Discussion

Characterization of waste calcite
All unmarked peaks represent the calcite phase. The chemical composition of the waste calcite is listed in Table 1 . The major impurities determined by XRF were SO 3 (4.63 mass%), SiO 2 (1.91 mass%), and Al 2 O 3 (0.85 mass%). Figure 2 shows the SEM micrographs of the reagent-grade calcite (a) and the waste calcite (b). The reagent-grade calcite had a well-defined rhombohedral crystal morphology with clean surfaces. The waste calcite particles were of irregular shape having a broad size distribution. The difference in particle size was confirmed by BET measurement as well. The specific surface area of the waste-calcite and the reagentgrade calcite were 3.76 m 2 /g and 0.68 m 2 /g, respectively. X-ray diffraction study does not provide enough information on the adsorption product since it is extremely thin. The thickness of the adsorption product is only few tenths of nanometers while X-ray penetrates through tenth of micrometers. Therefore, it is generally not possible to obtain valuable data by conventional X-ray diffraction. The reagentgrade calcite did not reveal any detectable changes before and after exposing them to the solution for 48 h. However, in case of the waste-calcite sample, minor changes in the X-ray diffraction patterns are noticed. Figure 3 (a)(b)(c) shows the X-ray diffraction patterns of waste calcite samples after exposing them to the solution for 1 h (b) and 48 h (c) along with the as-prepared condition (a). As previously stated, the waste calcite contained bassanite (CaSO 4 Á0.5H 2 O), dolomite (CaMg(CO 3 ) 2 ), and muscovite (KAl 2 Si 3 AlO 10 (OH) 2 ) as its major impurity phases. The dolomite and muscovite peak are seen to remain after the expoure to 0.89 mM CdCl 2 solution for 48 h. On the contrary, the bassanite peaks vanish almost completely suggesting that it dissolves rapidly in 1 h. The instant dissolution of bassanite should affect the dissolution of Ca(II) and adsorption of Cd(II) greatly since it provides extra Ca(II) ions to the solution in addition to those from the dissolution of calcite itself. The other two phases are seen to remain intact even after the exposure for 48 h.
Uptake of Cd(II)
It is important to monitor the extent of not only Cd(II) removed from the solution but also of Ca(II) dissolved into the solution. It was found that the sorption of Cd(II) on calcite crystals was closely related to the dissolution of Ca(II) from the surface. As a matter of fact, this condition was dissimilar to the previous study in that CaCO 3 was stabilized for extended period of time before the addition of Cd(II) ions. 6) We believe that our experiment represents the conditions more closely the practical wastewater treatment. Their amounts were measured as function of time and presented in Table 2 and Fig. 4 . In Table 2 , C 0 and C 48 are the initial Cd(II) concentration and the concentration after the exposure to the solution for 48 h, respectively. U Cd is the amount of Cd(II) uptake per gram of calcite added and U Cd /BET is the amount of Cd(II) uptake per unit surface area. U Cd /BET was calculated to evaluate the effect of BET surface area on the adsorption and dissolution reactions.
As is obvious in Fig. 4 , there was a rapid uptake of Cd(II) during the early hours of adsorption experiment. It then diminishes reaching a limiting value after about 18 h. The fast initial uptake is often observed and interpreted as adsorption while the slow second uptake is explained as precipitation, recrystallization, and/or diffusion into solid for the sorption. 1, 6, 17) After 18 h, further uptake of Cd(II) does not occur at least in a macroscopic scale. This may be due to the unavailability of exchangeable adsorption sites for Cd(II) ions, which prevents further adsorption of Cd(II).
The amount of Cd(II) removed by the waste calcite was significantly higher than that by the reagent-grade calcite. After the exposure for 48 h, about 93% of initial Cd(II) was Enhanced Cd(II) Uptake by the Bassanite Phase Contained in Waste Calcite Producedremoved by waste calcite (Table 2) . On the contrary, the reagent-grade calcite removed only 6% Cd(II). It is possible that the remarkable difference might be originated from the surface area difference. The BET surface area of waste calcite is about 5.5 times larger than that of the reagent-grade calcite. However, the BET surface-area normalized uptake (U Cd /BET) suggests that Cd(II) uptake capacity of waste calcite is still 3 times higher than that of the reagent-grade calcite (Table 2 ).
Dissolution of Ca(II)
CaCO 3 (s) is thermodynamically stable but it is not a sparingly soluble solid considering the solubility product of calcite (log K ¼ À8:4). 6) In addition, it reacted in water with atmospheric CO 2 gas (p CO 2 ¼ 10 À3:5 ) (eq. (1)). It is not clear whether the exchange reaction of Cd 2þ for Ca 2þ would proceed simultaneously or subsequently with Ca dissolution.
In view of the generally accepted mechanism that Cd(II) adsorption occurs via the ion exchange reaction of Cd(II) with Ca(II) on the surface of calcite (eq. (2)), it is important to monitor the Ca(II) dissolution with time. At the very beginning of the experiments the aqueous solution is virtually free of calcium, but the concentration increases as the CaCO 3 solids dissolve (eq. (1)). Figure 5 shows the relationship between dissolved Ca(II) and removed Cd(II) in 0.89 mM CdCl 2 solution for waste calcite. This behavior was similar in the case of reagent-grade calcite but with much less quantity. During the 1st hour of adsorption, Ca(II) dissolved fast to about 3.7 mM removing about 0.3 mM Cd(II). Afterwards, the dissolution of Ca(II) became rather tedious. After about 18 h, both became negligible probably due to the surface coverage of calcite with less-soluble CdCO 3 or (Cd,Ca)CO 3 layer which deters further dissolution of Ca(II).
The dissolution of Ca(II) from the waste calcite was much higher than that from the reagent-grade calcite. Figure 6 shows the dissolution of Ca(II) from the waste calcite and the reagent-grade calcite with time. The initial rapid dissolution of Ca(II) reaches to an equilibrium after 18 h. An easy way to explain the dissolution behavior of two calcite samples would be the surface area difference. Therefore, the effect of the surface area was examined with BET data. Table 3 summarizes Ca(II) dissolution data. Here, C 0 and C 48 is the initial Ca(II) concentration and the concentration after 48 h in the solution, respectively. D Ca is the amount of Ca(II) per gram of calcite and D Ca /BET is the amount of dissolved Ca(II) per unit area. D Ca /BET was calculated to normalize the dissolution data with BET surface area. It is seen that the amount of dissolved Ca(II) (D Ca ) from the waste calcite is about 64 times higher than that by the reagent calcite. When it is normalized by the BET surface area (D Ca /BET), the dissolved Ca(II) (D Ca ) from the waste calcite is still one order higher than that from the reagent-grade calcite. To summarize, the use of waste calcite instead of the reagent-grade calcite increased the Cd(II) uptake and Ca(II) dissolution by 3 fold and 12 fold, respectively. As a matter of fact, in a similar experiment, Prieto et al. 18) found that BET surface area was not a good estimate of the reactive surface reaction. Therefore, it is obvious that we should seek an answer other than the high surface area whether BET surface area criteria is appropriate or not in our system.
Dissolution of bassanite
The waste calcite is known to carry impurities which are retained in FGD gypsum.
13) The waste calcite used in this study contained major impurities as dolomite (CaMg(CO 3 ) 2 ), bassanite (CaSO 4 Á0.5H 2 O) and muscovite (KAl 2 Si 3 AlO 10 -(OH) 2 ). The bassanite phase is likely to be stemmed from a side reaction of the carbonation of gypsum (CaSO 4 Á2H 2 O), and may exist as independent particles.
The bassanite dissolves relatively fast in an aqueous solution. Amathieu and Boistelle 19) investigated the amounts of dissolving bassanite as a function of time. They reported that about 42 g/L of bassanite was immediately dissolved. In our experiment, the amount of bassanite in the waste calcite could be estimated to be 0. mol/L). 19) The dissolution of the bassanite could proceed according to eq. (4).
The dissolution of the bassanite provides an instant supply of ions (Ca 2þ , SO 4 2À ) to calcite/solution interface which can participate in the exchange reaction of Cd(II). The maximum amount of Ca(II) to be dissolved in the waste calcite can be assumed to be 5.78 mM based on the amount of sulfur obtained from XRF analysis. This suggests that 5.78 mM of Ca(II) could be dissolved from bassanite to the solution in addition to Ca(II) from the inherent dissolution of CaCO 3 . The amount is a surprisingly high since it is comparable to the total amount of Ca(II) (5.74 mM) measured after 48 h (C 48 À C 0 in Table 3 ). If the calculation is correct, then this suggests that most of Ca(II) ions in the solution could be originated from the bassanite. Realizing that significant amount of Ca(II) and sulfate ions are supplied to the solution, the enhancement of Cd(II) uptake should be explained accordingly.
In this respect, the work of Prieto et al. 18) is interesting where two aragonite grains and a calcite fragment were used to study the uptake of Cd. There was no second phase dissolution in their system and their aragonite samples contain only 0.5-0.7 mass% impurities other than the calcite. However, they observed that Cd(II) uptake by calcite was lower than that by two aragonites. They attributed the inhibition of Cd(II) sorption on calcite to quicker coverage of the calcite surface by thin epitaxial crystallites which prevent further dissolution of Ca(II) and thus Cd(II) uptake. Even though the same mechanism may work in our system to enhance the uptake of Cd(II), we believe that the fast Ca(II) dissolution from bassanite phase has a more decisive effect.
The effect of sulfate on Cd(II) sorption appears to be inconclusive. Akin and Lagerwerff 20) showed that CaCO 3 solubility increased in the presence of sulfate in the solution. Meanwhile, Weijden et al. 21) reported that the sulfate ion suppress the fast initial adsorption of Cd(II) on calcite. We do not have any ground to evaluate the effect of sulfate further since we did not intend and even realize the instant supply of sulfate ion to the solution to begin with.
Obviously, the understanding of the exact mechanism in the enhancement of Cd(II) uptake by waste calcite needs a lot more elaboration and careful study. Nevertheless, it is evident that the enhancement is closely related to the instant dissolution of bassanite which supplies significant amounts of Ca(II) and sulfate ions to the solution changing the chemistry at calcite/solution interface.
Conclusions
The uptake of Cd(II) by waste calcite in 0.89 mM Cd(II) solution was investigated in a batch experiment. The waste calcite particles were obtained from the carbonation of FGD gypsum and a reagent grade of calcite was used for a comparative study. The results are as follows:
(1) The waste calcite contained bassanite, dolomite and muscovite as its major impurity phases. The bassanite phase dissolved almost completely during the exposure for 1 h to 0.89 mM Cd(II) solution while dolomite, and muscovite phases remained intact for 48 h. The instant dissolution of bassanite provided significant amounts of Ca(II) and sulfate ions to the solution resulting in the enhancement of Cd(II) uptake. The maximum amount of Ca(II) to be dissolved from the bassanite phase was assumed to be 5.78 mM based on the amount of sulfur content obtained from XRF analysis.
(2) The Waste calcite removed about 90% of initial Cd(II) while the reagent-grade calcite removed only 6% after the exposure for 2 days to 0.89 mM Cd(II) solution. The uptake of Cd(II) by the waste calcite was significantly higher than that by the reagent-grade calcite even after normalizing the BET surface area.
(3) The uptake of Cd(II) was proportionally related to Ca(II) dissolution. Cadmium was removed fast during the early stage of reaction reaching an equilibrium after about 18 h due probably to the surface coverage by CdCO 3 layer.
